University of New Mexico

UNM Digital Repository
Electrical and Computer Engineering ETDs

Engineering ETDs

8-25-2016

Fabrication of Hybrid Optical Electrical Platforms
for Potential Applications in Neuromodulation
Aneesha Kondapi

Follow this and additional works at: https://digitalrepository.unm.edu/ece_etds
Part of the Electrical and Computer Engineering Commons
Recommended Citation
Kondapi, Aneesha. "Fabrication of Hybrid Optical Electrical Platforms for Potential Applications in Neuromodulation." (2016).
https://digitalrepository.unm.edu/ece_etds/141

This Thesis is brought to you for free and open access by the Engineering ETDs at UNM Digital Repository. It has been accepted for inclusion in
Electrical and Computer Engineering ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact
disc@unm.edu.

ANEESHA KONDAPI
Candidate

Electrical and Computer Engineering (ECE)
Department

This thesis is approved, and it is acceptable in quality and form for publication:
Approved by the Thesis Committee:
Dr. Francesca Cavallo

Dr. Sanjay Krishna
Dr. Andrew P. Shreve

, Chairperson

Fabrication of Hybrid Optical Electrical
Platforms for Potential Applications in
Neuromodulation

by

Aneesha Kondapi
M.Sc., Chemistry, Birla Institute of Technology and Science, 2014
B.E., Electrical Engineering, Birla Institute of Technology and
Science, 2014

THESIS
Submitted in Partial Fulfillment of the
Requirements for the Degree of

Master of Science
Electrical Engineering
The University of New Mexico
Albuquerque, New Mexico
July, 2016

ii

Dedication

To my parents, Kondapis, Sripathis and Sriram for their support, motivation
encouragement and inspiration they’re giving me for graduation.

iii

Acknowledgments

First and foremost, I would like to thank Dr. Francesca Cavallo for her confidence
and support in all aspects of my research at the University of New Mexico. My
research experience was a big learning experience in no small part due to the freedom
I was given to explore and the continuous unreserved feedback I received during
the process. This experience was crucial in developing my critical and independent
thinking as a student who took the first step into research. I would also like to thank
Dr. Sanjay Krishna and Dr. Andrew Shreve for their recommendations and helpful
discussions.
I would also like to thank Farhana Anwar and Marziyeh Zamiri, who were patient and always willing to help regarding any fabrication. In addition, I would like
to thank my lab mates Ricardo Huerta, Vijay Saradhi, Corey Carlos and Nadeem
Manan for their company which made my stay at Albuquerque a great learning
experience.
Finally, I would like to thank my parents and friends for the unconditional support
in all the decisions I have taken.

iv

Fabrication of Hybrid Optical Electrical
Platforms for Potential Applications in
Neuromodulation
by

Aneesha Kondapi
M.Sc., Chemistry, Birla Institute of Technology and Science, 2014
B.E., Electrical Engineering, Birla Institute of Technology and
Science, 2014
M.S., Electrical Engineering, University of New Mexico, 2016

Abstract
State-of-the art neuromodulators are bulky, and they are mostly fabricated on rigid
substrates. Furthermore, they are not provided with a feedback control loop resulting in undesired oﬀ-target eﬀects. This thesis paves the way for fabrication of
lightweight neural interfaces with the capability to implement closed-loop controlled
neuromodulation down to a single-cell resolution. In this work, an approach based
on hybrid optical-electrical devices to implement neuromodulation is presented.
The rationale of this choice, design illustration, fabrication and characterization
is discussed. In addition, a proof-of-concept neural interface is illustrated. Specifically, hybrid optical-electrical devices are developed based on inorganic thin films,
i.e., nanomembranes (NMs) formed in ordered arrays of buckled channels on compliant substrates. The buckled NMs include light-emitting structures in the visible

v

range (namely Si nano-crystals) and graphene electrodes to control and record neural activity, respectively. The compliant substrates of choice is polydimethylsiloxane
(PDMS).
Buckled NMs are obtained by guided self-assembly of the supported thin films
under compressive strain. The cross-sectional size of buckled NM channels is scaled
to match the dimensions of single neurons.
This work primarily focuses on the fabrication and integration of an optically
active NM, with a conductive film, thus obtaining a hybrid optical-electrical platform
for potential neuronal in-vitro studies. A process is established based on multiple
layer releases and transfers which enables graphene electrodes to be fabricated on the
inner side of the buckle-delaminated channels.In addition, structural characterization
of the fabricated devices is performed, along with current/voltage measurements of
the graphene electrodes, and photoluminescence spectroscopy to assess the optical
emission from the buckled NMs.
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Chapter 1

Introduction

Neuromodulation is the alteration of neural activity by delivering electrical or chemical signals to a target region of the nervous system [25]. The first use of Neuromodulation dates back to the 1960s when the deep brain stimulation (DBS) was
used to treat chronic pain [9]. By the end of that decade, spinal cord stimulation
for treatment of back pain was also implemented. Since then, neuromodulation has
been used for more than just treating pain. For instance, trigeminal nerve stimulation [41] has proved to be beneficial for patients with post traumatic stress disorder
(PTSD) [45] (Figure 1.0a). Also, peripheral neuropathy [11], i.e., a painful long-term
complication of diabetes, has also been treated by neuromodulation (Figure 1.0b).
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a: Subcutaneous nerve stimulation b: Diabetic peripheral neuropathy
Figure 1.1: Examples of SOA neuromodulators subcutaneous nerve stimulation and diabetic peripheral neuropathy
State-of-the-Art (SOA) neuromodulators are bulky, as they are battery-operated.
They require surgical insertion and they don’t have the ability to implement a feedback control loop which often leading to under/over stimulation of the targeted area.
Finally, SOA neuromodulators implement control of activity with poor specificity
and poor spatial resolution. The field of neuromodulation will then benefit from a
neural interface able to address all the challenges listed above.
In this work, I developed a lightweight neural interface with potential application in neuromodulation. My work included design, fabrication and characterization
of the platform. The utilized approach builds up on recent advances in combining
nanomembranes (NMs) with device-grade compliant substrates. Briefly, the fabricated neural interfaces are based on NMs formed in ordered arrays of buckles on
compliant substrates. The buckled NMs include light emitting devices in the visible
range and graphene electrodes to control and record neural activity, respectively. Optical control of neural functionality gives the advantage of high spatial and temporal
resolution [2]. Graphene was processed into electrodes. These electrodes that accommodate within the 3D scaﬀolds, running underneath the optically active film. The
compliant substrate of choice is polydimethylsiloxane (PDMS). Buckled nanomem-
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branes are obtained by guided self-assembly of the supported thin films under compressive strain. The cross-sectional opening of the buckle matches the dimensions of
single cells.

Figure 1.2: Schematic of buckled structure of Nanomembrane and Graphene

Figure 1.2 schematically illustrates the architecture of the proposed device. The
selected materials for each element of the neural interface are also specified in figure 1.2. My fabricated buckle structure will provide guided confinement using single
neurons. As a result, both controlling and recording devices will be in close contact
with the targeted cell. In addition, by selecting an optically active and insulating
material for the NM, the contact between recording electrode and neuron will be insulated from other electrically active cells. In selected geometries and materials, this
combination potentially results in interfacing neuron and devices with high specificity, controlling and recording the activity of a single neuron with high signal-tonoise ratio (SNR). Silicon Rich Oxide (SRO), after undergoing high temperature annealing, emits visible light [44] to which genetically engineered neurons respond [49].
Graphene, being an electrically conducting element, records and transmits electrical
signals generated from the neurons. Thereafter, the released nanomembrane with
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graphene is transferred to the final substrate made of Polydimethoxysilane (PDMS),
an elastic polymer. The elastic nature of the PDMS allows transfer of compressive stress to the multi-layer structure, wrinkling the membrane into 3D confined
nanostructures called buckles (see Figure 1.2). Having both controlling and recording devices of neural activity, potentially enables neuromodulation with a feedback
control loop. (see Figure 1.3)

Figure 1.3: Schematic illustration of feedback loop on the platforms

Chapter 2 discusses the methods and processes involved in the fabrication and
characterization of the platform. Chapter 3 reviews the design, top-down fabrication
and structural characterization of NMs embedding electrical and optical functionality. Chapter 4 presents the integration of the fabricated nanomembranes with
compliant substrates, as well as the guided self-assembly to form arrays of 3D scaffolds. Additionally, it presents the functional characterization of the optically active
NMs and of the graphene electrodes. Finally, this thesis presents a summary concluding the potential ability to implement a basic platform developed for future use
in neuromodulation.
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Chapter 2
Methods

2.1

PECVD Synthesis of SRO

Figure 2.1: Schematic of PECVD deposition technique

SRO thin films were prepared by using a parallel plate PECVD system shown
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in Figure 2.1. The system consists of an ultra-high vacuum chamber (base pressure
10−9 Torr) and an RF generator (13.56 MHz), connected through a matching network
to the top electrode of the reactor. The bottom electrode is grounded and it also
acts as a sample holder. All depositions were carried out at 50W RF input power.
The growth substrates, (∼ 1 × 1cm2 ) were < 100 > Si wafers coated with a ∼ 240nm
Ge film. Substrates were heated to 300◦ C prior to deposition. High purity (99.9 or

higher) Silane (SiH4 ) and Nitrous oxide (N2 O) were used as sources. The flow ratio
N2 O/SiH4 was ∼ 10 [34]. The total pressure during the deposition process was kept
constant at 8 × 10−2 Torr. The typical deposition rate was 40 to 50 nm/min.

The SRO on growth substrates are now annealed at high temperatures. A tube
furnace with N2 flow is used for this purpose. The samples are annealed as high as
∼ 900◦ C. This makes SRO optically active with embedded Si nanocrystals 3.2.2.

2.2

Nanomembrane Transfers

NMs are grown onto a native substrate which can be selectively removed, resulting
in release of the film. The free-standing NM can be then transferred onto a new host
onto a new host using a wet or dry approach. Also, the nanomembrane is released
with PR. When the SRO NM is settled on the handled substrate, it is transferred to
DI water, then the SiNM often lifts oﬀ from the substrate and floats in the water.
The NM can then be transferred to a new host substrate one of the following two
ways.
In wet transfer, the NM is transferred to de-ionized water and then it is scooped
out using the new host substrate. This method works best if the new host substrate
is hydrophilic because the surface is wet and the NM will wick up substrate. In both
the cases the NM is left to dry for a few minutes.
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In dry transfer, the released NM is kept loosely bonded to the original substrate.
The NM is then peeled oﬀ from the native substrate using a stamp.
Printing of the NM to the new host is performed using the stamp if the final substrate is diﬀerent. The key is to provide stronger adhesion to the final substrate than
the stamping substrate. This technique has been shown to work with with a variety
of stamps-substrates combination [53]. I used dry transfer techniques exclusively in
this work.

2.3

Raman and Photoluminescence spectroscopy

The room temperature photoluminescence (PL) properties of the Si-ncs embedded in
the SRO thin films synthesized by thermal annealing of SRO films were examined by
exciting the system with the 532nm line of an Ar+ laser. The pump power was fixed
at 150mW and the laser beam was chopped through an acoustic-optic modulator at
a frequency of 55Hz. The chopped beam has a power of ∼ 5mW. The PL signal
was analyzed by a single grating monochromator and detected by a photomultiplier
tube. Spectra was recorded with a lock-in amplifier using acousto-optic modulator
frequency as a reference. All spectra were corrected for the spectral system response.
A grating of 600g/mm was used to record all the PL spectra. The figure 2.2 shows
a schematic representation of a generalized PL setup.
Raman spectroscopy is based on elastic scattering of monochromatic light, usually
from a laser source. Inelastic scattering implied that the frequency of photons in the
light changes upon the interaction with the material and then re-emitted. The frequency of the part of the re-emitted photons is shifted away from the monochromatic
frequency, which is Raman eﬀect. This shift is caused by vibrational, rotational and
other low frequency transitions which is unique to diﬀerent molecules.
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Optical system

Laser

Sample

Optical system

Optical fibre
input

Computer
Spectrometer

Schematic:PL setup

Figure 2.2: PL spectroscopy setup

Raman analysis plays an important role in characterization of materials to identify
the structural and chemical composition. In this thesis, we use Raman spectroscopy
to investigate the quality of graphene at various processing steps.
Raman spectroscopy is a very important analysis technique in the field of carbon research and has historically played an important role in the structural characterization of graphite materials[50]. In fact, this spectroscopy technique allows to
distinguish clearly between single and multilayer Graphene, thanks to characteristic
spectral features[17].
Graphene has two fundamental hallmarks: a peak at around 1580 cm-1 named
the G peak, and a second band around 2700 cm−1 called the G or 2D peak. The
shape of the 2D peak, in monolayer graphene, is sharp, narrow and centered at 2700
cm−1 . This peak broadens in thicker flakes, as already in bilayers it is the resulting
envelop of four sub-peaks.[50]

8

Chapter 2. Methods

2.4

Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used here to study self-formed objects in
details that are not visible in optical microscopy. In SEM, electrons create an image
of the object when a focused electron beam is scanned sequentially over the area
exposed. At every point scanned, the electron beam strikes the surface, penetrating
to a certain depth and interacts with the material leading to an emission of primarily backscattered electrons (BSE) and secondary electrons (SE). BSE electrons are
created by inelastic collisions within the sample and this is dependent on the mass
number of the elements that constitute the material under observation. Using the
SEM, one can perform chemical analysis, and energy dispersive spectroscopy (EDS).
EDS is utilized in this work to investigate the composition of sacrificial layer (see
section 3.2.1).
The image is created by measuring the scattered electrons at every point and
converted into an image intensity. The SEM technique is independent of the wavelength of the particles and hence has a better resolution of 2 nm than optical microscopy. This helps us to visualize the buckles at a better perspective to analyze the
structures. This research used JSM6400 field emission scanning electron microscope
(FESEM). This is an analytical grade SEM utilizing a field emission source (tungsten
cold cathode design).

2.5

I-V setup

The current-voltage measurement of the fabricated device is performed at room
temperature, confirming the electrical functionality of the pixel. We measure the
current-voltage characteristic of the device by a Signatone S-251-6 probe station under atmosphere pressure. The measurements are carried out with a Keithley 236
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source measure unit (SMU). Voltage-current measurements were performed from -1
to 1V with 0.5V increments. A schematic illustration of the probe system during the
measurement is shown in Figure 2.3.

Figure 2.3: Current-voltage measurement setup

2.6

Summary

In summary, this chapter details the fundamental importance of each process presented in this thesis briefly.
Silicon Rich Oxide, in this research, is deposited by PECVD which is further
annealed to induce formation of luminescent structures.

Nanomembrane trans-

fers/techniques were briefly discussed to explore the options of fabrication and the
final substrate, i.e., PDMS. The characteristics of the Silicon nanocrystals should be
optimized to obtain an optically active film which provides high PL. From various
techniques available to deposit SRO, PECVD was chosen for its flexibility of parameters to obtain a high dense Si film. Annealing temperature was maintained at
900◦ C. Photoluminescence and Raman spectroscopy was performed at several stages
of fabrication. In this chapter, photoluminescence is described as a method to measure optical emission from the annealed SRO. Raman spectroscopy is reported as a
technique to verify the quality of graphene.
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Chapter 3
Nanomembranes with Electrical
and Optical Functionality

In this chapter, I describe design, top-down fabrication and structural characterization of nanomembranes with optical and electrical functionality. First, I will justify
the choice of materials, namely Si-Rich Oxide (SRO) and Graphene. Then I will
discuss the layout design of hybrid optical-electrical devices and the measurement
setup for their voltage-current measurements. Finally, I will present a detailed fabrication process of these devices along with structural characterization via optical and
electron microscopy, energy-dispersion spectroscopy and Raman spectroscopy.

3.1

Design

In this section, I describe the choice of the multi-layer structure, geometry design
and device layout.

11

Chapter 3. Nanomembranes with Electrical and Optical Functionality

3.1.1

Choice of Materials

The platform comprises of a Hybrid functional layer on a final substrate (PDMS). The
functional layer is annealed SRO at 900◦ C, combined with multi-layered graphene.
To fabricate a nanomembrane, we need a functional layer, a sacrificial layer and a
bulk substrate. In this thesis, we use two kinds of substrates — handling and final.
The selected handling substrate is Si, as it allows the growth and fabrication of thin
films [7]. The final substrate chosen in this thesis is Polydimethylsiloxane (PDMS),
primarily due to its flexible nature, biocompatibility and optical transparency. (See
Figure 3.1)

Figure 3.1: Schematic of buckled structure of NM with Gr electrodes
As mentioned before, one of the elements of the functional layer is of Silicon-Rich
Oxide (SRO). SRO has the advantage od being optically transparent, insulating and
light-emitting in the visible range. Being an insulator, protects graphene electrodes
from electrical responses with of oﬀ-target neurons. Emitted light in the visible range
(> 900◦ ) [18, 13] is suitable for stimulation of genetically engineered neurons [49].
The other important component of the functional layer is graphene. Graphene
consists of sp2 hybridized carbon atoms tightly packed into a two-dimensional honeycomb lattice. Monolayer, as well as few layers of Graphene can be fabricated by
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a variety of techniques including mechanical and chemical vapor deposition. The C
atoms form hexagons with sides 0.142 nm long as seen in Figure 3.2. Since the pbonding between the sheets is weaker than sp2 bonding within the sheet, single layers
of Graphene can be extracted. Graphene is selected for its excellent conductivity,
optical transparency and compliant nature.

Figure 3.2: 3D structure of graphene layer lattices

Germanium is chosen as the sacrificial layer as it allows the growth of SRO while
having a good selective etch rate[51]. The only downside of using Germanium is
that it doesn’t allow annealing at high temperatures greater than 938.2◦ C which is a
disadvantage, since Si nanocrystals are stabilized yielding higher photoluminescence
at temperatures as high as 1100◦ C.

3.1.2

Selection of the geometry and device layout

Silicon Rich Oxide by PECVD in this work is fabricated into a nanomembrane that
is buckled into nanostructures on the platform for the system. Nanomembranes
are thin (5 − 500nm thick) sheets of single-crystalline material that can be released
from a handling substrate by dissolving the substrate or a sacrificial release layer.
For neuromodulation, our platform provides confined 3D scaﬀolds of semiconductor
nanomembranes with graphene and PDMS. The self-assembly of these buckles can
be tuned to the amplitude and the size of the neurons to provide guidance and 3D
confinement to neurons.(see Figure 3.4)
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Figure 3.3: Delaminated nanomembrane
The nanomembranes to be transferred on to PDMS are confined to a geometry
that allows buckling at desired locations under application of compressive stress.
To achieve this, a geometry comprising of a combination of islands (of length A)
interconnected (of length B, B < A) is designed. This results in buckles. The size
of a neuron varies from 4 µm to 100 µm in diameter. We designed the buckle to
have dimensions matching the ones with single neurons. The amplitude and width
based on the size of the interconnect and nanomembrane islands which can be seen
in Figure 3.3.

Figure 3.4: Demonstrated in-vitro neuronal confinement in buckled structures from checkered board patterning
In this thesis, we primarily focus on octagonal stripe geometry where octagons
of various lengths are joined together. Upon application of compressive stress on
this transferred nanomembrane, buckles are formed at the interconnects between the
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octagonal islands. Interconnects with diﬀerent angled (buckling angles) and widths
(buckling widths) are designed. Buckling angles were varied by 10◦ , 45◦ and 60◦ for
200µm and 35µm buckling widths.

Figure 3.5: Mask layout for large area SRO with 25mm2 area with electrodes
and contact pads design (45◦ buckling angle 35 micron octagonal stripe)
In addition to octagonal stripe patterns, the SRO nanomembranes were also
patterned into checker-board fashion to demonstrate buckling of graphene/SRO on
PDMS. Checker-board pattern comprises of rectangular islands (80µm × 60µm)

joined by interconnects. Octagonal stripes are held together by a 1 × 1 cm2 5 × 5

mm2 frame.

Multiple graphene electrodes are designed to run perpendicularly to the interconnects on the SRO NMs. Large contact pads are designed to connect graphene
electrodes to a measurement setup. The mask design is presented to show the combination of electrodes, nanomembrane and contacts for a 45◦ , 35 micron octagonal
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stripe pattern shown in Figure 3.5. The main pattern (to be transferred on SRO) is
designed to have 5 µm holes to aid the under-etching of the sacrificial layer during
the release of the NM.

3.1.3

Theoretical model for graphene buckling

Crucial parameters to determine buckling of hybrid NMs under compression are the
adhesion between the NM and the substrate, and the adhesion between the various
layers in the NM. In our experiments, it is desired for graphene and SRO to buckle
together (see Figure3.6) and to the same amplitude. For tis to happen, the adhesion
energy between the graphene to SRO needs to be higher than the adhesion energy
of graphene to the substrate of buckling, namely PDMS.
Ideally the case that can be presented based on the adhesion mechanics for the
buckling of NM is in Figure 3.6.

Figure 3.6: Buckling model of NM and Graphene on PDMS

Adhesion energy (τ ) between both monolayer and multilayer graphene to SiOx
have been reported as 450 ± 20 mJ/m2 and 310 ± 30 mJ/m2 respectively. [26] The
adhesion energy of graphene to PDMS is also known. Specifically it amounts to 3.5
mJ/m2 - 7.4 mJ/m2 . [54]
As shown in the reported adhesion values,
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τSiOx −Gr > τGr−P DM S
We expect graphene to delaminate from PDMS along with SRO under compressive strain.

3.2

Fabrication of Nanomembranes with Optical
and Electrical Functionality

This section illustrates the fabrication of a hybrid SRO/graphene NM on a rigid
substrate, such as bulk Si coated with a Ge film. This section also includes structural
and optical characterization of hybrid NMs. A cartoon of the high level processing
of the nanomembrane is shown in Figure 3.7.

3.2.1

Sacrificial Layer Synthesis

The sacrificial layer is a thin film typically deposited on bulk substrate and is eventually eliminated to release a NM. Hence, a sacrificial layer is to be selected so that

1. It is a suitable growth substrate for the functional layer which in this case is
the SRO nanomembrane;
2. It can be selectively removed compared to the functional layer.

A third constraint on the choice of sacrificial layer, is posed by a process to make
SRO optically active. As mentioned in section 3.1.1, SRO needs to be annealed at
∼ 900 − 1200◦ C to promote formation of optically active nanocrystals. Typically,
higher annealing temperatures yield higher luminescence given a certain SRO film.
As the SRO is deposited on a sacrificial layer, this needs to be designed to withstand
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Figure 3.7: High Level material synthesis and patterning

the desired annealing temperature. Hence, in these experiments, the sacrificial layers
Germanium, Chromium and Titanium have been tested as sacrificial layers.

Germanium having a melting point of 938.2◦ C limits the SRO annealing to 900◦ C.
On the other hand, materials like Titanium and Chromium have melting points of
1668◦ C and 1907◦ C respectively, were tested as sacrificial layers (Figure 3.8). Sacrificial layers of thickness 200nm each were deposited by e-beam evaporation technique
on bulk Si substrate with SRO deposited on the sacrificial layers by PECVD. Optical
inspection and ellipsometry of SRI shows that Ge, Cr and Ti are equally good growth
substrates for a functional layer.
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Figure 3.8: Sacrificial layer models
Annealing at high temperatures of 900◦ and 1100◦ is performed for the multilayers
including Ge and Cr (Ti) respectively. Further, the NMs were patterned and selective
etching of Chromium was attempted by a commercial Cr etchant (Transene CR14),
piranha (H2 SO4 : H2 O2 :: 2 : 1) and H2 O2 for Chromium, Titanium and Germanium
respectively. The etching solutions did not eﬀect the integrity of SRO in all the three
cases.

However, despite a long etch time in the solution, it was found that both Cr and
Ti had not been etched. Energy dispersive X-ray spectroscopy (EDS) was performed
on bare annealed (Ti, Cr)/Si to investigate the material composition after the metal
removal was attempted by wet etching. Figure 3.9 presents the EDS results.

As shown in the EDS spectroscopy, metal is still present in the substrate even after
long exposure to the chemical etchant. We attribute this behavior to the formation
of metal silicides during annealing [27, 31]. Metal silicides can be processed into
silicates by prolonged oxidation of oxygen plasma or H2 O2 . Silicates can be removed
by a low pH etchants such as H3 P O4 , H2 SO4 , etc[3]. This can be one of the ventures
that can be furthered explored.

Finally, we selected Germanium as the sacrificial layer in this process since Germanium has proven to enable the release of NM. However, as Ge melting point is
938◦ C, annealing of SRO is performed at 900◦ .
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Figure 3.9: Energy dispersive X-ray spectroscopy showing the comparison
of the Cr in the silicide to the Silicon Rich Oxide
a. Graph of Chromium under SRO islands indicating no under-etching b.
Chemical composition ratios of the sample on SRO c. Graph of Chromium
showing Silicon in sacrificial layer d. Chemical composition and ratios in
sacrificial layer

3.2.2

Synthesis and Annealing of SRO

This section discusses in detail, the preference of Silicon rich oxide nanomembranes
for our process, along with the detailed mechanism of photoluminescence from the
Silicon oxide nanomembranes. Strong photoluminescence (PL) has been reported for
porous Si, Si and Ge nanocrystals embedded in SiOx .[6]
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Silicon Nanocrystals

Light emission from Si nanostructures became a strategic field of research after strong
visible photoluminescence (PL) at room temperature from porous Si was discovered
by Canham in 1990 [12].
Si nanocrystals (Si-ncs) present the most important features for the realization
of eﬃcient electrically pumped optical sources. Si-ncs are mechanically and optically
very stable with their synthesis process compatible with the current technology for
Si-based microelectronics. The peculiar properties of Si-ncs help in the stabilization
of these optical sources ensured by surrounded by dangling Si=O bonds eliminated
SiOx [52].
The electro-luminescence (EL) of Si-ncs embedded in SiOx was first reported in
DiMaria et al [16] Further research also indicated room-temperature EL in the visible
region in SiOx by confining Si-ncs in SiOx layers with subsequent annealing [40, 28].
At present, it is commonly accepted that quantum confinement plays an important
role in determining the intense room-temperature light emission of Si-ncs and its
blue shift when size reduction of the nanostructures occurs [4, 42, 21]. Theoretical
studies highlight the importance of the interface region between the Si-nc and the
silica matrix for the light-emitting properties [14]. The absorption edge tends to redshift due to formation of Si = O or SiOSi bonds at the Si/SiO2 interface [48, 39, 36].
At present, the most established process for the synthesis of Si-ncs embedded in
a followed SiOx matrix is by physical vapor deposition of SiOx (0 < x < 2), followed
by thermal annealing of sub-stoichiometric oxide film, which allows thermodynamics
phase driven separation between Si and SiOx . [23, 21, 13].
Among various techniques that can be used for SiOx synthesis, typically plasma
enhanced vapor deposition (PECVD) is used which possesses several advantages:
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1. Low temperature processing. PECVD works at a temperature of 400◦ C or
lower
2. Full compatibility with Si-based technology. PECVD is widely used in the
semiconductor industry for thin film deposition which makes it a global advantage
3. High film quality. When compared to other deposition techniques PECVD
produces high quality films
4. High control over the process parameters. The optical properties of the Si-ncs
depend on their structural properties (size, shape, density etc.) which can be
controlled by gas flow parameters of PECVD giving a tight control.

To discuss the structural and optical analysis of the oxide synthesized by PECVD,
we will detail the synthesis of the SRO films and investigate the thermal evolution
of the SRO films.
The structure of the SRO thin films after annealing (Figure 3.12) by neglecting
their N and H contents can be described as a simple Si/SiO2 mixture in which O
atoms are replaced with Si atoms in order to form the overall stoichiometry of the
film. This has been presented by the Random bonding model (RBM) [37] which is
purely a statistical model in which the Si−Six O1−x tetrahedral distribution depends
on the frequency of arrival of the Si and O atoms towards the substrate surface
during PECVD deposition and hence, the relative concentrations of the gaseous phase
together. Deposition temperature also plays a fundamental role in determining the
structural composition of the film. The heat induced disproportionate reaction of
Si − Six O4−x can be illustrated as:
Si − Six O4−x → x4 Si − Si4 + (1 − x4 )Si − O4
22
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where the Si − Si4 tetrahedral constitute the building blocks of Si-ncs (excess
silicon agglomerates).
The temperature-induced decomposition of partially oxidized Si − Six O4 tetrahedral into the more stable Si − Si4 and Si − O4 in SRO films annealed at high
temperatures has also been supported by X-ray photoelectron spectroscopy data [21].
The SRO thin films are annealed prior to any further processing to have this structure embedded in the thin film that provides optical properties which are discussed
in this thesis.

Figure 3.10: EFTEM analysis of Si-nanocrystals [20]
The control of optical constants (refractive index and absorption coeﬃcient) of
SiOx films is done by varying the Si content and annealing temperature is important
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for optoelectronic applications. As discussed earlier, for Si-rich silicon oxide SiOx (x
< 2) films prepared by plasma enhanced chemical vapor deposition (PECVD), the
energy-filtered transmission electron microscopy (EFTEM) studies in Figure 3.10
have demonstrated that the Si − SiO2 phase separation starts after annealing at

900◦ C for 1 hour in N2 atmosphere when Si clusters become visible in an oxide ma-

trix [22]. The dark-field (DF) TEM technique reliably shows that the Si clusters are
amorphous for annealing temperatures 900-1000◦ C, and their crystallization begins
at 1100◦ C [20]. Higher annealing temperatures promote further crystallization of the
Si clusters and as the temperature increases the absorption coeﬃcient increases with
increasing Si content. This can be explained by the growth of Si-nc i.e., increasing
density of SiSi bonds [38]. The surfaces of annealed and un-annealed SRO are shown
in the Figure 3.11.

a: Surface of un-annealed SRO film

b: Surface of annealed SRO film

Figure 3.11: Surface analysis of thin film SRO

In this work as previously mentioned, SRO undergoes annealing to induce formation of Si-nanocrystals. The thin SRO films on Germanium are annealed at 900◦ C
in a tube furnace with N2 atmosphere for 30 minutes to form Silicon nanocrystals as
referred in the Figure 3.12.
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Figure 3.12: Model of the device structure with Si-NC
As-deposited thin films of SRO by PECVD deposition on the Germanium are
amorphous in nature. As annealing at a relatively low temperature is performed,
Si-nanocrystals with amorphous nature form, as confirmed by Raman spectrum in
Figure 3.13. The sharp peak at 480nm shows the typical features of amorphous Si.
The sharp nature of this peak indicates the semi-crystallization of the Si-nanoclusters.

Figure 3.13: Raman analysis of SRO after annealing
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Figure 3.14: PL spectra of SRO after annealing
Photoluminescence spectra were acquired on annealed SRO NMs on sacrificial
layer using the PL setup and configuration mentioned in section 2.3. SRO thin films
on Germanium-Si substrates were found to exhibit room temperature PL in the
650 to 950 nm range after an annealing process Figure 3.14. In this spectrum the
photoluminescence is found in the visible spectrum between 530-550nm. The peak
at 540 nm is attributed to bulk Si.

3.2.3

Release and Transfer of Graphene

Recently rapid progress has been made on deposition of Graphene using Chemical
Vapor Deposition (CVD) synthesis on metal surfaces. It is developed to an extent
where single crystalline Graphene can be grown over millimeter areas. In this work
I used CVD graphene on Cu (Graphene Supermarket). Thickness of graphene was
reported as 1A◦ .
A typical Raman spectra of this Graphene is shown in Figure 3.15. As mentioned
in 2.3, the graphene has 3 peaks— D, G and 2D. In this spectra, the first-order D
peak is not visible in pristine graphene because of crystal symmetries.[47]
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2D

G

Figure 3.15: Raman spectra of CVD-Graphene(Graphene Supermarket Inc.)
on Copper

Figure 3.16: Schematic representing Graphene release and transfer
(a) Commercially available graphene on copper is cut into required size sample (b) PMMA is spin coated on one-side Graphene (c) Graphene on the
other side is etched by oxygen plasma (d) Exposed copper is etched by
F eCl3 solution (e) Etched graphene is transferred on SRO (f) Finalmodel
of the transferred sample for further processing
Figure 3.16 shows the schematic of the wet release and transfer of Graphene
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employed in this work [33, 32].
The graphene is spin-coated with PMMA, a thick polymer acting as a support
during the release. The copper film that has Graphene on either sides, is subjected
to plasma etch. The Cu substrates is then selectively removed in F eCl3 solution with
F eCl3 : HCl : H2 O :: (2 : 1 : 10) ratio. The Cu substrate is completely removed
over 21 − 24 hours.
After the Cu is removed, the PMMA coated graphene floats in the etching solution. The graphene/PMMA combination is then rinsed in three beakers filled with
DI water, with one minute time intervals. The graphene layer is finally transferred
to the target substrate (SRO/sacrificial layer/Si). The transferred graphene is left to
air dry for 2 − 4 hours to let any residual moisture to be removed from the interface
and let the graphene strongly bond to SRO.

Figure 3.17: Schematic showing cleaning of Graphene
(a) Graphene bonded to SRO overnight (b) Acetone cleaning to liftoﬀ
PMMA (c) PMMA residue is annealed at 3500 C in argon atmosphere (d)
Graphene is subjected to acetic acid treatment overnight and finally reduced
to PMMA
Next, the PMMA coating on graphene is processed for removal. For the removal
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of PMMA, the graphene on SRO is placed in acetone, undisturbed for 3-5 minutes.
As shown in the schematic below, the sample is then vacuum annealed at 3500 C
in Ar atmosphere for 1 h 30 min at atmosphere followed by 2 minute cleaning in
acetone. A schematic of this process is shown in Figure 3.17. This spectra indicates
the spectral diﬀerences between the pristine graphene on Cu and graphene released,
transferred and cleaned on SRO substrates. The presence of the D peak indicates
a charge carrier in graphene excited and inelastically scattered by a phonon. A
second elastic scattering by a defect or zone boundary must occur then to result in
recombination.

2D
G

D

Figure 3.18: Raman spectra of Graphene on SRO
The last cleaning step is placing graphene on SRO in acetic acid overnight. Optical images of graphene surface at various cleaning stages are shown in Figure 3.19.
Once the graphene is recovered from the cleaning process, the graphene purity is
verified by Raman spectroscopy results shown in Figure 3.18. This spectra indicates
the spectral diﬀerences between the pristine graphene on Cu and graphene released,
transferred and cleaned on SRO substrates. The presence of the D peak indicates a
charge carrier in graphene excited and inelastically scattered by a phonon. A sec-
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ond elastic scattering by a defect or zone boundary must occur then to result in
recombination.[46] Also, as seen in the spectra, there can be a small red-shift in G
that can be observed after the graphene transfer and cleaning. This can be attributed
to the change in the layer thickness of graphene [19] during the processing.
(a)

(b)

( c)

(d)

Figure 3.19: Graphene surfaces at several cleaning stages
(a) Graphene before PMMA cleaning (b) Acetone cleaning to liftoﬀ PMMA
(c) PMMA residue is annealed at 3500 C in argon atmosphere (d) Graphene
is subjected to acetic acid treatment overnight and finally reduced PMMA

3.2.4

Patterning of SRO

SRO nanomembranes as mentioned section 2.1 are produced by PECVD deposition
technique, where the nanomembranes are deposited on a large bulk of wafer coated by
a sacrificial layer (Cr or Ge or Ti). After the graphene is transferred on annealed SRO,
hybrid NMs are patterned in appropriate geometries to achieve buckling at controlled
positions. These geometries include two patterns which can produce buckles that are
checker-board and octagonal stripe pattern with various sizes and angles.
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Figure 3.20: Schematic for patterning of SRO
a. Initial substrate b. Photolithography and exposure c. Substrate to be
etched in trenches for Graphene d. Substrate during SRO etching in RIE
plasma e. Removal of photoresist f. Substrate after PR cleaning

Figure 3.21: SRO patterning for diﬀerent geometries
a. Checker board patterned with graphene b. Octagonal stripes; 200 µm,
10◦ c. Octagonal stripes; 35 µm, 10◦ d. Octagonal stripes; 35 µm, 45◦
For this purpose, a positive photoresist (Micromaterials AZ4210) is spin-coated at
5000 RPM with sample surface. The photoresist is then exposed using UV radiation
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at λ = 436nm (for 6 seconds) in the first step lithography. Finally, the photoresist
is developed in Microchemicals AZ400 (1:4) developer for 45 seconds. The design
pattern is impressed on the photoresist. After photolithography, initially oxygen
plasma in (120 Watts, 40% O2 ) and a reactive ion etching (CF4 : O2 :: 66% : 33%) are
used to remove the exposed graphene and SRO respectively in the areas unprotected
from the photoresist.
To remove the graphene, the RF voltage was 120 V with 2 min 60s etching time
whereas, the RF voltage was 100 V and the etching time was ∼ 4mins 50s (200nm
thick SRO). At each lithography step, the features are monitored closely to show the
patterned SRO at each step before the graphene lithography. Figures 3.20 and 3.21
represent the patterned SRO at several stages of the process.

3.2.5

Fabrication of Graphene Electrodes on SRO

To fabricate the proposed device (see Figure 1.2 graphene needs to be patterned into
arrays of electrodes. Figure 3.22 shows the schematic of graphene patterning.
For this purpose, graphene layer on SRO is cleaned by acetone sonication and
rinsed in IPA for 5 minutes each before spin-coating the photoresist. A positive photoresist Microchemicals AZ4210 is spin-coated on the sample at 5000 RPM yielding
a thickness of 2.1µm. The photoresist is then soft-baked at 90◦ C for 70 − 90 seconds
on a Data Plate 720 Series Hot Plate. A Karl Suss MA06 Mask Aligner is used in
contact mode to pattern and expose the photoresist for 6 seconds. The photoresist
is further developed in Microchemicals AZ400 (1:4 Potassium Borates developer solution). The pattern is impressed on the PR as shown in Figure 3.23. Graphene is
patterned in electrodes only in conjunction with SRO in octagonal stripe pattern.
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Figure 3.22: Schematic for patterning of Graphene electrodes at diﬀerent
stages
a. Patterned SRO with monolayer graphene as the top functional layer b.
Photolithography on graphene c. O2 plasma etch of graphene in RIE d.
Acetone treatment to remove the PR on graphene e. Graphene patterned
and ready for the deposition of contacts

Figure 3.23: Graphene patterning for several SRO patterns
a. Octagonal stripes; 35 µm, 10◦ b. Octagonal stripes; 35 µm, 45◦ c. Octagonal stripes; 200 µm, 10◦
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3.2.6

Fabrication of Contact Pads

The third step of the lithography results in patterning of a metal film in contact
pads. To determine the final device characteristics, contact pads are deposited along
the membranes connected to either sides of each graphene electrode to measure IV
characteristics. I fabricate contact pads to connect the Graphene electrodes to an
external measurement setup. For this purpose I use Au/Cr film. The layout for the
contact pads and their alignment with Graphene electrodes is shown in Figure 3.25.
Fabrication of contact pads is achieved through a third lithography step and
metal evaporation. In this step, the pattern graphene electrodes and SRO are spincoated with negative photoresist (Microchemicals AZ5214E-IR) at 5000 RPM and
soft-baked for 90 seconds at 90◦ C. The photoresist is exposed by a 436nm UV optical
lithography for 2.5 seconds. After the exposure, the substrate is hard-baked for 60
seconds at 112◦ C and flood exposed (30 seconds) for the image reversal of the pattern.
The sample is then developed in AZ400 (1:4) for 30 − 35 seconds.

Figure 3.24: Schematic for patterning contacts
a. Patterned SRO and graphene b. PR spin-coated and processed for image
reversal c. PR developed and contacts Au/Cr deposited by evaporation d.
PR cleaned away lifting oﬀ the metal e. Ready for release without any PR
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(a)

(b)

©

(d)

Figure 3.25: Stages of contact lithography and lift-oﬀ
a. The patterned SRO/Gr exposed to deposit contacts b. Au/Cr deposited
on the substrate c. PR lifted oﬀ d. No PR residues
After the development of photoresist, only the regions where the contacts are
deposited are remain exposed. A blanket of 5nm/50nm (Cr/Au) e-beam deposition is
performed next. A lift-oﬀ step is used to remove the undesired metal yielding contact
pads. The lift-oﬀ is performed by sonicating the samples in acetone for 5 minutes
followed by acetone gun spraying lifting-oﬀ the metal. It is then rinsed in Isopropanol
(IPA) for 5 minutes. The process is schematically illustrated in Figure 3.24.

3.2.7

Electrical Characterization of Graphene Electrodes

The current voltage characteristics of Graphene electrodes were measured using a
measurement setup applying voltage ranging from −2V to +2V in 0.5V increments
and measuring the current carried throughout the electrodes. As I performed a
2 probe measurement, the measured current will be aﬀected by resistance of the
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contacts. The Cu probes were placed in contact with 2 contact pads (see Figure 3.26).
Ideally, graphene is known to show a linear I-V characteristic [35]. The following
graphs show the I-V curves of 3 devices before release.

Figure 3.26: I-V curves of graphene electrodes on Ge/Si before release -1 to
1V
We attribute the non-linear of the graphene behavior of graphene electrodes to
the contact pads. Figure 3.26 shows that the current corresponding to 1V is in the
order of mA with a resistance of the order kΩ. The results proves that the fabricate
graphene electrodes can be used for neural recording, as currents and voltages are in
the order of µA and µV respectively. [24]

3.3

Summary

The fabrication of the NMs is the major step in integration of the electrical and
optical components of the platform. NMs are thin sheets of single-crystalline mate-
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rial that can be released from the host substrate with selective etching techniques.
The thinness and the ability to release and transfer NMs make them uniquely suited
to engineer the strain based on geometry and surface interaction. Examples have
been shown by fabricating SRO NM combined with Graphene electrodes at the interconnects. SRO was characterized by PL and Raman spectroscopy To measure the
quality of graphene electrodes, contacts have been deposited connecting each end of
the electrode (5 µm thick). This chapter has described the experimental conditions
for the fabrication of nanomembrane with light emitting elements, electrodes and
contacts.
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Integration of NMs, PDMS &
Guided Self-Assembly into 3D
Scaﬀolds

Figure 4.1: High Level NM release and transfer process

This chapter describes release and transfer of the nanomembranes fabricated in
Chapter 3 to a compliant substrate, namely Polydimethyl-siloxane (PDMS) (see
Figure 4.1). In addition, guided self-assembly of NMs under compressive strain is
presented. Three dimensional scaﬀolds emebedding optical emitters and graphene
electrodes result from this process. Finally, structural and optical characterization
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of buckled NMs/PDMS is presented.

4.1

PDMS, the Ultimate Flexible Substrate

Figure 4.2: Molecular structure of Polydimethoxysilane
In this work, NMs are transferred to PDMS substrates. Polydimethylsiloxane
(PDMS) belongs to a group of polymeric organosilicon compounds that are commonly referred to as silicones. PDMS is the most widely used silicon-based organic
polymer, and it is particularly known for its unusual rheological (or flow) properties.
The structure and chemical properties of PDMS defines the mechanical architecture
of the material that gives its reputation in the flexible electronics.
The chemical formula for PDMS is CH3 [Si(CH3 )2 O]n Si(CH3 )3 , where n is the
number of repeating monomer [SiO(CH3 )2 ] units. PDMS is industrially available as
a viscoelastic liquid at long flow times (or high temperatures) similar to honey. But,
it is synthesized into producing an elastic solid.
The viscoelastic PDMS is cured at high temperatures into bulk PDMS. Depending
on theel required thickness of PDMS, the polymeric PDMS is combined with a curing
agent and left for crosslinking at temperatures (600 C − 800 C). The crosslinking of
the monomer chains in PDMS increases with temperature and time, making it stiﬀer
and harder.
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The elastic modulus of PDMS varies from 100 kPa to 3MPa. PDMS is also highly
bio-compatible and would aid the in-vitro studies of neurons on the fabricated
platforms [29].
In this work, PDMS is synthesized using a Sylgard 184 silicone elastomer based
and a Sylgard 184 silicone elastomer curing agent [10]. These samples have diﬀerent
base/agent ratios, yielding diﬀerent degrees of cross-linking. The lower the degree of
PDMS networks and cross-linking, the softer the PDMS network is. Conversely, the
higher the degree of cross-linking, the stiﬀer the sample will be. Sample stiﬀness was
varied by changing the ratio of crosslinker to base polymer. In this work, I utilize a
PDMS 10:1 (base:curing agent) mass.

4.2

Nanomembrane Release and Transfer

The patterned nanomembrane bonded to the sacrificial layer is placed in H2 O2 for 12
hours to selectively etch Ge. Once the Ge is completely removed, the SRO nanomembrane settles on the handle substrate.
The NM is then peeled oﬀ from the Si substrate using a stamp or through dry
transfer. In my work, the stamp is also the final target substrate, i.e., Polydimethylsiloxane (PDMS). PDMS is exposed to oxygen plasma prior to transfer increasing
it’s adhesiveness, resulting in a more reliable transfer of large area membranes in
planar geometry. Figure 4.3 schematically illustrates dry transfer of NMs to PDMS.
Transferred NMs are first characterized by optical images. (see Figure 4.4)
During the release of the SRO/graphene NMs, the contacts connected to the
graphene electrodes were disconnected from the NM. Figure 4.4a shows the NM
during the etch and Figure 4.4b refers to the SRO/graphene NM after transfer to
PDMS. It can be seen from the figures that the NM dissociates itself with the contact
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pads during the release. This is due to the fast release of NM when compared to the
contact pads. Due to the failure in transfer of contact pads with NM, the NM was
not functionally characterized for voltage-current characteristics.

Figure 4.3: Schematic illustration of NM transfer on PDMS
a. Patterned SRO, graphene and contacts b. NM etched in H2 O2 for Ge removal
c. NM loosely bonded to Si substrate d. Substrate flipped on PDMS and peeled
oﬀ e. Final model of the transferred NM on PDMS
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a: Checker board pattern

b: 35 µm, 45◦

c: 200 µm, 10◦

d: 35 µm, 10◦

Figure 4.4: SRO/Graphene dry transfer on PDMS for various patterns

a: NM during release

b: NM transferred on PDMS

Figure 4.5: Failure of contact pads transfer with SRO/graphene NM

42

Chapter 4. Integration of NMs, PDMS & Guided Self-Assembly into 3D Scaﬀolds

4.3

Characterization of Transferred NMs

Previous photoluminescence (PL) and Raman spectroscopy have already characterized the optical properties of SRO and the electrical properties of Graphene. However, release and transfer processing of SRO and Graphene may aﬀect the properties
of the NMs. This section presents result s of the optical and structural characterization of the NMs now bonded to a compliant substrate, such as PDMS.
Specifically, we investigate the eﬀect of processing on the PL of SRO, and on
the structural properties of SRO and graphene. µ-Raman spectroscopy and µPhotoluminescence spectroscopy are used for this task.

4.3.1

Raman spectroscopy

Raman spectroscopy of SRO/graphene NMs after transfer was performed to determine the crystalline quality of the transferred NM.
The Raman spectra of Graphene electrodes in Figure 4.6 the SRO NM has also
been captured to indicate the quality of graphene after release and transfer. This
spectra shows the D, G and 2D peaks of graphene on PDMS. The presence of the
D peak as compared to the pristine graphene indicates the defects.[46] Whereas a
red shift in the D spectra indicates the increase in the number of graphene layers
transferred on PDMS.[19] The 2D Raman peak attributes the increased electron concentration (decreased hole concentration) resulting in more phonons thus resulting
in the reduction in the peak intensity. This is probably due to the doping induced
in graphene while annealing at 350◦ C (for graphene cleaning).[15]
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Figure 4.6: Raman spectra of graphene electrodes transferred onto PDMS compared to CVD-graphene

4.3.2

Photoluminescence Spectroscopy

During fabrication, SRO is exposed to several chemicals. It is already referred as
chemistry aﬀects radiative emission from Si-nanostructures capturing PL from the
SRO after release and transfer is an important characterization for the platform.
Figure 4.7 present the PL spectra of the Silicon rich oxide on PDMS. It can be
observed that the PL remains at 540nm in the visible spectra where neurons respond.
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680nm

540nm

a: PL spectra of SRO on PDMS for checkered board pattern

540nm
630nm

b: PL spectra of SRO on PDMS for octagonal stripe pattern
Figure 4.7: PL spectra of the NM and Graphene on PDMS
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4.4

Buckling Experiments

We harness buckling delamination of thin films under compression to fabricate 3D
scaﬀolds. The nanomembranes are stackable, bondable, patterned thin films that
can be released and transferred to various substrates. The SRO thin films were
annealed, integrated with graphene layers and patterned into octagonal stripes with
graphene electrodes connected by contact pads. Current-voltage characterization has
shown the electrical reliability of the platform in section 3.2.7. As a further step, the
nanomembranes are transferred on to flexible substrates, namely PDMS.
After the NM is transferred to PDMS, the NM/PDMS is placed in acetone for
15 minutes. During the solvent treatment of PDMS in acetone, isotropic volume
expansion is induced in the elastomer while the NM stays undeformed.[8] The PDMS
swells by a swelling ratio (Sb ) = 1.06, where S denotes the swelling ratio that was
measured experimentally;
Sb = D/D0 ,
where D is the length of PDMS in the solvent and D0 is the length of the dry
PDMS. [30] Other solvents like toluene, N-Methyl-2-pyrrolidone also can be used. It
should be noted that diﬀerent solvents yield swelling ratios. For example, toluene
yields a swelling ratio = 1.31.
After the swelling time, the NM, PDMS combination is left to dry in air. This
results in a relaxation of PDMS. PDMS goes back it’s original shape and compressive
strain is applied to the NM.
The NM pattern, includes islands and interconnects. Compressive strain concentrates at the interconnects. Once the PDMS relaxes, the strain concentrated in the
interconnects drives the NM to bend in out-of-the-plane with a certain amplitude.
This phenomenon is called ”buckling”. The Figure 4.8 illustrates NM buckling on
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PDMS for a single interconnect.

Figure 4.8: Buckling mechanism
a. Transferred nanomembrane with Graphene electrodes on PDMS b. Solvent swelling of PDMS c. Octagonal islands representing interconnects d.
Octagonal islands during acetone exposure e. Delamination and buckling of
octagonal islands after air drying
The fact the NM being unstrained in the solvent can be explained in detail using a
stick-slip model: it is expected that the adhesion between the the NM/Graphene and
PDMS is mediated by van der Waals interactions between H on the NM/Graphene
surface and OH groups on the plasma treated PDMS. Once the NM/PDMS is immersed in solvent, the PDMS starts swelling. The NM stretches along with the
PDMS in this phase. However, because the NM is weakly bonded to the PDMS,
at a certain critical degree of swelling of the PDMS the shear stress applied at the
NM/PDMS interface is high enough to generate an interface crack [1, 43].
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Figure 4.9: (a) Optical image of checkered board patterned SRO/graphene
on PDMS (b) Buckled features of 45◦ 35 µm octagonal stripe patterned SRO
on PDMS
This results in the NM relaxation toward it’s unstretched state through slipping
at the interface with the PDMS. At this point the two materials to re-bond by van
der Waals forces and the stick-slip process to repeat as swelling progresses further
and an increasing shear load is applied to the interface. Hence, the NM undergoes oscillations between sticking and slipping on the PDMS until the the substrate reaches
its equilibrium dimensions in the solvent, which results in no stretching of the NM
during swelling.
The nature of the NM/PDMS bond changes due to the exposure to solvent.
Indeed the NM is covalently (i.e., strongly bonded to PDMS) during the deswelling
process. As a result compressing strain is applied to the film and buckling occurs.
Figures 4.9 are the optical imaging of buckled SRO/Graphene NMs on PDMS.

4.5

Characterization of buckles

Buckled NMs are characterized by Scanning electron microscopy and Raman spectroscopy. For Raman spectroscopy, we focused a 532 nm wavelength excitation laser
to a ∼2µm spot, at interconnects and at the large islands between them.
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4.5.1

Scanning Electron Microscopy

The Scanning Electron Microscopy setup mentioned in section 2.4 is used for the
structural characterization of the buckled nanomembranes on PDMS. The size and
amplitude of the buckles are quantified in this section to compare them with neuron
dimensions.
Accelerating voltages range between 0.5 to 30kV. The magnification ranges between 10 − 500, 000 times at 10 cm working distance. The buckles were examined
from the top view and 52◦ view of the samples and are presented in Figure 4.10.

Figure 4.10: Scanning electron microscopy images of buckled SRO/Graphene
on PDMS
a. Closer look at the buckled arrays b. SEM image to quantify the buckled
NM amplitude and width c. SEM image indicating Graphene buckling along
with the NM d. Large area buckled SRO with graphene electrodes on PDMS
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As shown in Figure 4.10, the buckles measure an amplitude of 33.3µm and a width
of 57.6µm which are comparable to the sizes of neurons (varying from 4µm to 100µm
in diameter). The dimension of the buckles can also be tuned to desired dimensions
by altering the SRO thickness and buckling conditions. Thus, this provides a suitable
platform for neuronal confinement.

4.5.2

Raman spectroscopy

Figure 4.11: Raman spectra comparison for 4 diﬀerent electrodes on SRO
buckle
To help investigate the buckling of graphene along with the SRO NMs, Raman
spectroscopy has also been performed to compare the graphene spectra of the interconnects and large islands. In solid crystalline materials the vibrations measured are
optical phonon modes. For relaxed SRO, there are three degenerate optical phonon
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modes, however not all modes may be excited in a given Raman measurement.When
linearly polarized light hits a sample the electrons in the sample are distorted by the
electric field. The individual strain of graphene electrode in the buckle is shown in
the Figure 4.11. Each graphene electrode scatters the polarized light which on acquisition gives D, G and 2D peaks. A slight shift all the peaks between the electrodes
is because the strain is diﬀerent in diﬀerent electrodes. The curvature of bending
diﬀers along the SRO interconnect where the graphene electrodes bend.

PDMS
2D

G
D

Figure 4.12: Raman spectra of Graphene strain in buckled graphene
When crystalline materials are strained, the phonon modes shift in energy to
reflect a change in the lattice; a higher energy is required to excite phonon modes in
compressively strained material and a lower energy is required for tensilely strained
material. The change in energy needed to excite each phonon mode is determined by
the magnitude and direction of strain. This helps us to detect the Raman shift caused
by strain in the NM and graphene at the buckled structures as shown in Figure 4.12.
This spectra shows the diﬀerence in the graphene on flat NM and buckled NM. A
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red shift in the Raman spectra of buckled graphene attributes to the strain in the
graphene.

4.6

Summary

This chapter details integration, release and transfer of fabricated NMs/Graphene
electrodes (see Chapter 3) on PDMS substrates as well as a self assembly process to
obtain 3D scaﬀolds. These 3D scaﬀolds are called buckles and are produced from
application of compressive stress on transferred nanomembranes with appropriate
geometry. Optical and functional characterization was performed by Raman, PL
spectroscopy and structural layout was examined by scanning electron microscopy.
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Conclusions and Future Work

In this thesis, I described an approach to build a platform based on buckled arrays of
Graphene and SRO NMs on a flexible substrate. My approach relies on the applying
strain to SRO/graphene NMs patterned into appropriate geometric features. I have
deposited SRO thin film on Ge/Si substrates using PECVD. To produce optically
active NM, these NM were annealed at 900◦ C in a tube furnace in N2 atmosphere.
These NM produce a photoluminescence at room temperature in the visible region.
Genetically engineered neurons respond to this environment. Higher intensity of PL
with blue shift where neurons are reactive, can be attained at higher temperature
annealing (> 1100◦ C). In this work, this can be further achieved by changing the
sacrificial layer with melting point > 1100◦ during the annealing of SRO/sacrificial
layer. Raman spectra also was performed to analyze the crystallinity of the thin
film. Si-nanocrystals was concluded to have partially crystalline nature because of
their sharper typical amorphous peak at 480nm. TEM can then be performed on
the oxide layer to determine the quality of the nanocrystals.
To lay a definite structure of the platform, the electrodes were patterned with the
SRO octagonal stripe pattern to measure electrical characteristics of the graphene
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electrodes. To determine the functionality of graphene electrodes before the release of NM, the contacts were probed with voltage -1V to 1V. Graphene electrodes
conducted a current of 5mA. This current is comparable with the extracellular stimulating current of neurons which is in terms of µA and µV.
The sacrificial layer (germanium) is etched, releasing the SRO/Graphene NMs.
The membranes are then transferred to a flexible substrate, namely PDMS. NM/PDMS
combinations were solvent treated to induce compressive strain in the NM. As a result
of this process the NMs buckle which are presented through SEM characterization.
producing buckles at the interconnects. The SEM optical images show the amplitude of the buckle (∼ 35µm) that can be comparable to the neuronal dimensions
(∼ 4 − 100µm).
Raman spectroscopy was performed to realize the strain in the graphene that indicates wrinkling in graphene with SRO. Raman spectra and SEM techniques together
presented the buckled NM/graphene on PDMS and their extent of buckling. Photoluminescence spectroscopy was performed to measure the PL of the SRO/graphene
NM on PDMS. Even after chemical treatment, the NM was found to emit PL in
visible region. This thesis thus presents the basic functionality of 3D scaﬀolds for
neuronal confinement, functionality of graphene electrodes for recording neural activity and optical functionality of SRO NMs in the visible spectra where Genetically
engineered neurons respond.
During the release and transfer of SRO/graphene NMs, contacts connected to
electrodes disconnected from the nanomembrane. This is because of faster release of
NM than contacts. This problem can be resolved by perforation of the contacts for
faster etch of sacrificial layer. Patterning/deposition of contacts after the transfer
of NM can also be done by contact printing or masking deposition after the NM is
buckled. Charge printing [5], contact printing or shadow mask deposition techniques
can be used for this purpose.
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